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Available online 28 September 2016AbstractBackground: The purpose of this study is to evaluate the intraoperative tension change pattern of each anteromedial (AM) graft and postero-
lateral (PL) graft and to investigate the optimal femoral tunnel position in double bundle (DB) anterior cruciate ligament reconstruction (ACLR)
by comparing postoperative outcomes with each combination of graft tension change pattern.
Methods: Eighty-four unilateral primary DB ACLR cases from 2006 to 2008 with a follow-up of 24 months or more were analysed. The tension
change pattern of each AM and PL graft after graft fixation was recorded during DB ACLR, and divided into over-the-top (OTT; tension at
0 > 120) and reverse OTT (graft tension at 0 < 120) pattern. The combinations of these patterns were then categorized into four groups and
the postoperative results were analysed. The femoral tunnel position was measured by a modified quadrant method. The relationship between the
femoral tunnel position and the tension change pattern of each graft was evaluated.
Results: The cases that presented reverse tension change pattern of native anterior cruciate ligament (ACL) performed most poorly in post-
operative knee laxity among the four groups. In this group, the femoral tunnel of the AM bundle was placed significantly higher in flexion.
Conclusion: This study suggests that the least effective method for knee stability recovery is for the ACL to be reconstructed with the reverse
tension change to the native ACL. It is necessary to refrain from placing the femoral tunnel for the AM bundle in a high position in knee flexion
in DB ACLR.
© 2016 Asia Pacific Knee, Arthroscopy and Sports Medicine Society. Published by Elsevier Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Anatomic double-bundle (DB) anterior cruciate ligament
reconstruction (ACLR)1 attracts attention from ligament sur-
geons because of the theoretical advantages and the superiority
of stability recovery compared with those of single-bundle
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ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).hamstring tendons reportedly reproduces the normal tension
change pattern of each anteromedial (AM) bundle and
posterolateral (PL) bundle.4,5
A relatively high rate of clinical failure of ACLRs has been
also reported.6,7 The cause of failure is multifactorial, such as
the amount of preoperative knee laxity, limb malalignment,
graft materials, rehabilitation protocols, etc. Additionally, it
was reported that 22e80% of reconstruction failures were
thought to be due to technical errors, with the most common
findings being incorrect tunnel position.8e10
Although there is no clear consensus on the knee flexion
angle and the force of initial graft tension at graft fixationublished by Elsevier Ltd. This is an open access article under the CC BY-NC-
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position of the AM bundle and the PL bundle affects recip-
rocal tension change during knee flexion and extension more
significantly than the tibial tunnel position.11,12 Previous
in vivo and in vitro studies suggest that graft tension and
tension change pattern are correlated with the clinical out-
come.13e15 Although there have been a number of articles
about ACLR, few reports have analysed the effects of the
initial tension change pattern at the graft fixation during sur-
gery on the postoperative outcome. However, controversies
still remain regarding the optimal femoral tunnel position and
anatomic placement. Detailed analyses are lacking regarding
the optimal femoral tunnel placement in a DB ACLR in order
to achieve better recovery of knee stability.
The first aim of this study was to compare the initial tension
change pattern of the grafts and the femoral tunnel position.
The second aim was to compare the combination of the
intraoperative tension change pattern of each AM graft and PL
graft, and the postoperative clinical results in DB ACLR. The
first hypothesis underlying this study was that there were some
anatomical rules in each AM and PL femoral tunnel position
which lead to the tension change pattern of each graft. The
second hypothesis was that there would be some appropriate
initial tension change pattern which would give better clinical
results. As a final goal, the results will suggest the anatomical
concept of femoral tunnel creation for the best clinical
outcome in DB ACLR.
Materials and methodsPatientsA cohort study was conducted for patients with anterior
cruciate ligament (ACL) injuries who underwent DB ACLR
at our institution between January 2006 and December 2008.
The inclusion criteria were primary ACLR with an autolo-
gous semitendinosus tendon. The exclusion criteria included
a history of injury to the ipsilateral knee and a history of
ligamentous injury to the contralateral knee. During this
period, 116 reconstructive surgeries were performed by a
senior surgeon (T.M.) or by fellow doctors with the assistance
of the senior surgeon. Out of 116, 84 patients (average age at
surgery ± standard deviation: 24.6 ± 9.7 years) with follow-
up for at least 24 months after surgery were included in
this study. This study was approved by the Ethical Committee
of Tokyo Medical and Dental University, and all the patients
provided informed written consent.Table 1
Patients' grouping.aOperative procedures of a DB ACLRGroup 1 Group 2 Group 3 Group 4
AM tension change OTT OTT ROTT ROTT
PL tension change OTT ROTT OTT ROTT
No. of patients 29 14 19 22
AM ¼ anteromedial; OTT ¼ over-the-top; PL ¼ posterolateral; ROTT ¼
reverse over-the-top.
a All patients were categorized into four groups according to the combina-
tion of AM and PL graft tension change patterns.The anatomic ACLR advocated by Yasuda et al1 was per-
formed with a transtibial approach using a four-strand sem-
itendinosus tendon. The anatomic bony landmarks of ACL
tibial attachment were touched and felt with the tip of the
tibial drill guide. Two tibial guide wires were inserted from the
AM surface of the tibia at the tibia tubercle level with
anatomic landmarks of the anterior wall of the anteriorintercondylar notch, medial intercondylar tubercle, ruptured
ACL remnant, and posterior cruciate ligament. These guide
wires were placed in the remnant tissue with an angle of 65
for the AM bundle and 45 for the PL bundle from the joint
line in the frontal view.16 The femoral drill hole procedure was
performed in a figure-four position with arthroscopic obser-
vation from the AM portal. The centre of the femoral drill hole
for the AM bundle and the PL bundle was aimed at 1:30 and
3:30, respectively, on the intercondylar clock of the left knee
in the deeper area of the resident's ridge in knee flexion po-
sition.17 Graft fixation was performed in the same manner as
before,16 except for the initial tension and fixation angle. First,
the PL graft was fixed to an anchor staple at 20 of knee
flexion. Applied tension to the PL graft was adjusted to be
equal per cross sectional area on a basis of 30 N per 6 mm in
diameter. Then, the initial tension of the AM graft was
determined by probing in order to equalize to the PL graft at
20 of knee flexion. The AM graft was fixed to the anchor
staple by a pull-out method. Before passing grafts to the
tunnels, two grafts were tensioned by 10 N for more than 20
minutes on the GraftMaster (Smith & Nephew Inc., Andover,
MA, USA).Tension change pattern recordingThe tension change pattern was recorded after the AM graft
and PL graft were finally fixed. The surgeon felt the graft
tension carefully with a standard probe during passive knee
motion from full extension to 120 flexion. If the graft tension
increased during knee extension with the tension in near full
extension greater than that at 120 flexion, it was recorded as
an “over-the-top (OTT) pattern”. When it was the opposite,
with the tension in near full extension less than that at 120
flexion, it was a “reverse OTT pattern”. Based on the combi-
nation of the tension change pattern of the AM graft and the
PL graft, each patient was categorized into four groups (Table
1). All measurements were performed by the same surgeon,
and performed three times to minimize the intrarater vari-
ability. Accuracy of the manual tension measurements was
validated by comparing with the Stress Equalization (SE)
Graft Tensioning System (Linvatec, Largo, FL, USA) as a gold
standard.18e21 The grafts were provisionally fixed to the SE
Graft Tensioning System (Linvatec) with sutures at the tibial
site after the grafts had been passed through tunnels and fixed
at the femoral side with the EndoButton CL-BTB (Smith &
Nephew Endoscopy; Smith & Nephew Inc.). The SE Graft
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quantifying and applying consistent amounts of tension to
each graft, with an accuracy of 0.83 ± 0.03 N (mean ± -
standard deviation) according to the manufacturer's guidelines.
In this system, once the tension is set in the tensioning device,
the excursion of the spring is locked. The advantage of this
system is that the grafts are held securely in the tensioning
system, allowing the graft to be cycled in line with the tunnel
to remove the creep out of the construct. Analysis of the
validity yielded an intraclass correlation coefficient of 0.619
for the AM graft and 0.827 for the PL graft.Postoperative managementWeight bearing was started the day after surgery using
two crutches. Full weight-bearing walk was encouraged with
two crutches as long as the joint inflammation did not get
worse. Knee range-of-motion exercise was started 3 days
postoperatively. Adequate quadricep muscle contraction
and more than 90o flexion were expected at 1 week post-
operatively. Full recovery of knee motion was expected at 3
months postoperatively. Knee muscle exercise was encour-
aged at around 6 weeks after surgery in the closed kinetic
manner. Running exercise was started by jogging at 3 months
postoperatively based on the knee muscle strength recovery
and single leg squatting performance, followed by step-by-
step progression. Athletic exercises related to the previous
sports or desired sports activities were initiated with detailed
instructions in each case. Full athletic activities were allowed
at 6 months after surgery when specified athletic training had
been accomplished with full recovery of knee and body
strength.Postoperative outcome analysesThe results at the final evaluation were evaluated based on
the differences between the operated and uninjured limbs.
Anterior laxity measurements by KT-1000 arthrometer
(MEDmetric, San Diego, CA, USA), rotational instability
evaluated by a pivot shift test, pre- and postoperative Tegner
score, total score of the Lysholm knee scale (total Lysholm
score), and maximum knee extension strength measurements
by a Cybex machine (Lumex, Ronkonkoma, NY, USA) at 60/
s (knee extension strength) were statistically evaluated among
the four groups. The age at surgery, gender, preoperative pe-
riods, rate of meniscus injuries, and the preoperative KT
measurements under anaesthesia were also analysed. The
meniscus injury was counted even when it was incomplete or
healed under arthroscopic examination.Femoral tunnel position analysisFigure 1. Schematic drawing of AM and PL femoral tunnel placement. Sta-
tistical analyses shows that the AM tunnel of Group 1 (C) and Group 2 (▵)
(AM-OTT group) is placed in a significantly higher position than in Group
3 (-) and Group 4 (B) in the flexion position. AM ¼ anteromedial;
OTT ¼ over-the-top; PL ¼ posterolateral; ROTT ¼ reverse over-the-top.A modified quadrant method22 was used to calculate the
femoral tunnel position with two-view radiographs at 3
months postoperative in all cases. The tunnel widening at this
period would be negligible. Eleven cases where the femoral
tunnel could not be clearly identified in postoperativeradiographs were excluded for analysis. The height and depth
of each femoral tunnel in flexed knee position were
calculated.Statistical analysesAnalysis of variance was used to statistically analyse the
differences among the four groups in regards to age at surgery,
body mass index, preoperative periods, KT measurements,
Lysholm score, Tegner score, rotational instability evaluated
by the pivot shift test, graft diameter, and knee extension
strength. The femoral tunnel position was also statistically
analysed in depth and height with analysis of variance. The
Tukey test was used as a post hoc test. Chi-square test was
used to evaluate gender differences and frequency of meniscus
injuries. The significance was determined at p < 0.05. The
statistical analyses were performed using SPSS (version 20;
SPSS Inc., Chicago, IL, USA).
ResultsRelationships between graft tension change pattern and
femoral tunnel placementA schematic drawing of the average femoral tunnel position
measured by the modified quadrant method in every group is
shown in Figure 1. The femoral tunnels of Groups 1 and 2
tended to be placed proximally, while those of Groups 3 and 4
were placed distally.
The height and depth of the femoral tunnel for the AM
bundle and the PL bundle, calculated by the modified quadrant
method, are shown in Table 2. Statistical analyses (Table 3)
showed that the AM tunnel of Groups 1 and 2 (AM-OTT
group) is placed in a significantly higher position than the
other groups in flexed knee position. A statistically significant
difference was not recognized in the femoral tunnel position of
the PL bundle.
Table 2
Measurements of height and depth of femoral tunnels by a modified quadrant
method.a
Group 1 Group 2 Group 3 Group 4
AM depth (%)* 26.8 ± 4.0 28.1 ± 3.0 33.2 ± 2.9 30.6 ± 3.0
AM height (%)* 12.6 ± 3.8 14.2 ± 4.4 19.5 ± 3.3 17.4 ± 3.7
PL depth (%) 34.5 ± 1.9 37.1 ± 1.6 41.2 ± 3.2 43.8 ± 1.9
PL height (%)* 35.4 ± 2.7 38.2 ± 2.8 41.0 ± 2.5 40.8 ± 2.8
* Analysis of variance was used to statistically analyse the differences among
the four groups. The significance was determined at p < 0.05.
AM ¼ anteromedial; PL ¼ posterolateral.
a All parameters were calculated by the modified quadrant method. If the
tunnel placement is higher or shallower in knee flexion position, the parameter
will be smaller.
Table 3
Statistical analyses of the intergroup comparison of femoral tunnel placement.a
p AM depth AM height PL depth PL height
Group 1 vs. 2 0.582 0.187 0.336 0.128
vs. 3 <0.05* <0.01* <0.01* <0.01*
vs. 4 0.094 <0.01* <0.01* <0.01*
Group 2 vs. 3 <0.05* <0.01* 0.173 0.165
vs. 4 0.245 <0.05* <0.05* 0.192
Group 3 vs. 4 0.226 0.262 0.311 0.905
* p < 0.05.
AM ¼ anteromedial; PL ¼ posterolateral.
a Analysed using analysis of variance and Tukey test as post hoc test.
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clinical resultsThere were no significant differences in patients' back-
ground among the four groups (Table 4). At the final follow-
up, there were no significant differences in the maximum
knee extension strength measurements (Figure 2A), the total
Lysholm score (Figure 2B), and the change of Tegner score
(Figure 2C). However, Group 2 showed a significant differ-
ence compared with Group 3 in KT measurements. Moreover,
the positive rate of the pivot shift test was significantly more
frequent in Group 2 than Group 4 (Table 5).Table 4
Patients' background among the four groups.a
Group 1 Group 2
Average age (y) 25.1 (14e46) 21.3 (15e5
Male/Female 14/15 7/7
Body mass index (kg/m2) 22.5 ± 2.6 21.2 ± 3.4
Preoperative months 8.6 (1e39) 13.7 (1e12
Preoperative Lysholm score 77.5 ± 14.3 77.5 ± 16.
KT side-to-side difference 7.7 (3.0e14.5) 6.8 (3.5e1
Positive rate of pivot shift test 96.6 100.0
Graft diameter AMB (mm) 5.9 ± 0.5 5.9 ± 0.6
Graft diameter PLB (mm) 5.4 ± 0.5 5.3 ± 0.6
MM injury 85.7 93.3
LM injury 75.0 93.3
Data are presented as n (range), mean ± standard deviation, or %.
* p < 0.05.
AMB ¼ anteromedial bundle; LM ¼ lateral meniscus; MM ¼ medial meniscus; PL
a Analysed using analysis of variance excluding gender and meniscus injury rate.Discussion
The most important findings of the current cohort study
were that the higher femoral tunnel placement of the AM
bundle in knee flexion resulted in greater anterior and rota-
tional instability, even though it was based on the anatomic
tunnel creation concept in a DB ACLR. The other important
finding was that poorer clinical outcome was predicted for the
fixed graft tension change pattern reversed from the AM and
PL bundles of the native ACL.4
The anatomic DB reconstruction is still vital as an attractive
procedure for ACL injuries, and several methods and tech-
niques have been reported. Nevertheless, the failure rate after
ACLR has not been sufficiently improved. Postoperative
failure could be due to technical errors, particularly inappro-
priate placement of femoral tunnels. In this study, the femoral
tunnel placement was assessed by the modified quadrant
method, which is simple and minimally invasive and has no
inferiority to that of a three-dimensional computed tomogra-
phy.22 By matching the tension change pattern with the
femoral tunnel position using the current method, a significant
relationship was found between the tension change pattern
combination at fixation and the postoperative outcome.
The femoral tunnel placement of the current study was
varied and higher than those of previous studies which re-
ported on anatomic DB reconstruction according to the orig-
inal concept of Yasuda et al.1 Moreover, our femoral tunnel
aperture position was slightly shallower than the anatomic
centre of previous studies.22e24 We concluded that the first
reason for this was the variety of femoral footprint and the
lateral intercondylar ridge in each individual. Also, there were
many variations in the shape of the lateral wall of the lateral
femoral condyle. The second reason was that we created the
femoral tunnels using a transtibial approach in this case series,
therefore the aperture position of the femoral tunnel was
influenced by the angle and direction of the tibial tunnel.
However, the gap from the anatomic centre was around
1e3 mm, and it could be considered that the femoral tunnel
aperture position was almost anatomic on the footprint.Group 3 Group 4 p
1) 24.9 (14e48) 24.5 (15e41) 0.64
7/12 10/12 0.85
21.0 ± 2.5 22.8 ± 4.1 0.18
0) 22.5 (1e240) 7.8 (1e27) 0.39
8 85.7 ± 7.9 77.8 ± 14.5 0.17
1.5) 6.2 (2.0e13.5) 6.4 (2.0e10.0) 0.23
94.7 95.5 0.86
5.6 ± 0.5 5.8 ± 0.7 0.36
5.1 ± 0.6 5.3 ± 0.6 0.36
84.2 68.2 0.23
73.7 72.7 0.47
B ¼ posterolateral bundle.
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Figure 2. Comparison of clinical results at the final evaluation among the four groups. (A) The side-by-side comparison of maximum extension strength is
measured by a Cybex machine (Lumex, Ronkonkoma, NY, USA); (B) Lysholm score; (C) Tegner activity score. The black bar indicates preinjury score and the
white bar indicates the score at 24 months postoperative. NS ¼ not significant; PO ¼ postoperative.
Table 5
Statistical analyses of KT measurement and positive rate of pivot shift test at
postoperative 24 months.a
Group 1 Group 2 Group 3 Group 4 p
KT side-to-side
difference (mm)
1.2 ± 0.3 2.1 ± 0.3 0.7 ± 0.3* 1.0 ± 0.3 0.022
Positive rate of
pivot shift test
17.9 42.9 15.8 13.6* 0.063
Data are presented as mean ± standard deviation or %.
* p < 0.05; significant difference in comparison of Group 2.
a Analysed using analysis of variance and Tukey test as post hoc test.
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and the clinical results at the final clinical evaluation showed
that Group 2 performed most poorly in KT measurements and
the positive rate of pivot shift test. Groups 3 and 4 showed
significantly better results among the four groups (Table 5).
The results of the intergroup comparison of the femoral tunnel
position showed that the femoral tunnels of the AM bundle in
Groups 1 and 2 were significantly higher than in Groups 3 and
4 (Figure 1, Tables 2 and 3). Therefore, Group 3 or 4 show the
recommended combination of graft tension change pattern.
The results of the current study suggest that it is important to
aim for the reproduction of the native physiological function
of each AM bundle by ACLR. The remaining question is the
relationship of physiological function and anatomic posi-
tioning of each AM graft and PL graft. Moreover, the currentstudy was unable to indicate the appropriate femoral PL po-
sition that showed OTT graft tension change pattern
constantly.
There were several limitations in this study. First, the data
were analysed in a retrospective manner and the tension
change pattern was evaluated by a standard probing technique
without any objective method. However, all measurements
were performed by the same surgeon and performed three
times to minimize the intrarater variability. Analysis of the
validity by comparing with the accurate graft tensioning sys-
tem also yielded an intraclass correlation coefficient of 0.619
for the AM graft and 0.827 for the PL graft. Second, the graft
was fixed with excessive tension as compared to the initial
load. The graft loses its tension to some extent during the
healing process after surgery. The changing tension during the
process is important, but more detailed studies are necessary in
the future to elucidate this important biologic process. Each
position difference of the normal anatomy of the ACL has
been poorly investigated based on the individual anatomic
differences.
In conclusion, the current study suggests that reconstruction
of the ACL with the reverse pattern of the natural AM bundles
is least effective for knee stability recovery. In order to achieve
better stability in DB ACLR, it is necessary to refrain from
placing the femoral tunnel of the AM bundle high in knee
flexion.
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